1. Introduction {#sec0005}
===============

Cadmium (Cd) is a major heavy metal present in the earth's crust and is usually associated with other metals such as zinc, copper and lead. Cadmium bioaccumulates in phytoplankton and complex food webs involving aquatic animals as mollusks, fish and crustaceans [@bib0025]. Because it is a pollutant at high concentrations, there are regulatory rules that stipulate safe concentrations of cadmium in water resources. In Brazil, for example, the maximum concentration permitted by CONAMA (National Environmental Council) in fresh water for classes I, II and III (consumption, recreation, irrigation, and protection of aquatic and aquaculture communities) is 0.01 mg/L (10 g/L) [@bib0040]. However, in the US and Europe the limits are 1 and 5 mg/L of cadmium, respectively [@bib0070], [@bib0065].

Cadmium\'s toxicity is related to its ability to replace calcium (Ca^2+^) in biological reactions, which is due to the similar characteristics of these two elements such as their similar ionic radii. Therefore, the cellular uptake of Cd occurs mainly through Ca^2+^ channels, inhibiting the uptake of Ca^2+^. Hence, Cd acts as a potent blocker of these channels [@bib0130], leading to deleterious effects because Ca^2+^ in critical to many cell signaling pathways [@bib0125].

The mechanisms of Cd-dependent reproductive toxicity have been reported in *in vivo* and *in vitro* studies. This metal can decrease testosterone levels in rats [@bib0135], significantly affecting the testicular tissue by changing the hematotesticular barrier [@bib0030]. It can also reduce sperm concentration and motility in rice fish, *Oryziaslatipes*, and zebrafish, *Danio rerio* [@bib0045], increase lipid peroxidation in carp, *Cyprinus carpio* (Tale Cinier et al., 1998), and affect sperm maturation in common snook, *Centropomus undecimalis* [@bib0005].

Aquatic organisms are commonly used for toxicological studies of various contaminants because they are affected both directly through contact with contaminated water and indirectly through their diet, whether it includes plants, invertebrates, or various species of smaller fish [@bib0015]. Thus, fish may reflect contamination in other organisms and trophic levels within the aquatic ecosystem and are an important part of the diets of mammals and waterfowls [@bib0100]. Zebrafish, *Danio rerio*, has been used extensively as an experimental model because of its advantageous features such as its small size, which allows easy handling, and its rapid absorption of substances added directly to the water [@bib0170].

*D. rerio* uses external fertilization like most teleost fish, the male and female gametes are released into the aquatic environment and they need to come in contact for fertilization to occur [@bib0045]. Thus, while the fish itself has defenses against toxicants that can cause reproductive effects, the release of spermatozoa into the water exposes the gamete directly to pollutants such as cadmium. The spermatozoa have a poor antioxidant defense system and are highly prone to oxidative stress induced by pollutants [@bib0180]. Furthermore, zebrafish spermatozoa do not contain metallothionein, which has been identified in other fish sperm cells and reduces the toxicity of Cd (Tale Cinier et al., 1998). Therefore, experiments to assess the direct exposure of spermatozoa to cadmium that closely mimic the reproductive biology of teleost fish exposed to cadmium in nature are environmentally relevant. This study aimed to analyze the effects of different concentrations of cadmium on various *in vitro* parameters of *Danio rerio* sperm cells.

2. Materials and methods {#sec0010}
========================

The animals were euthanized by sectioning of the spinal cord, an accepted method, with restrictions according to the Federal Council of Veterinary Medicine (Resolution no. 05/2012 1000) because the use of anesthetics could affect the results of sperm analysis. The methodology used in this study was approved by the Ethics Committee at the Federal University of Pelotas/Rs, Brazil under number 10016. The gonads were withdrawn from 10 reproductive-phase, male zebrafish adults aged 4--6 months by dissection using an abdominal incision. The gonads were placed individually in Eppendorf tubes containing 1.5 mL of Beltsville Thawing Solution (BTS) [@bib0185] at pH 7.4 and an osmolarity of 350 mOsm and sectioned to aid the release of the spermatozoa. Sperm motility was assessed to determine motility rate and motility time for the pre-treatment samples (only fresh semen diluted with BTS was assessed before the incubation period) by activation using Milli-Q water; non-motile samples, indicative of sperm death, were excluded. Then, each semen sample was diluted at a 1:1 ratio (v/v) with four different concentrations of cadmium for treatment with final concentrations of 0 (control, BTS only), 0.5, 5.0 and 10 μg/L cadmium, osmolality of 300--320 mOsm/kg.

The samples were incubated at 20 °C for 10 min. This temperature was determined to be acceptable for the survival of zebrafish, which live at temperatures between 18 and 26 °C [@bib0090], and was also chosen because higher temperatures, such as 22 and 25 °C, had deleterious effects on sperm survival in previous experiments conducted by our research group (unpublished data).

After the incubation period, sperm analysis was performed to measure total motility; progressive sperm velocity parameters, straight line velocity (VSL) curvilinear velocity (VCL) and average path velocity (VAP); time of motility; fluidity and integrity of the plasma membrane; production of reactive oxygen species; mitochondrial function; and the DNA fragmentation index

2.1. Assessment of sperm motility using computer-aided semen analysis (CASA) {#sec0015}
----------------------------------------------------------------------------

To estimate sperm motility, 1 μL of diluted semen and 4 μL of Milli-Q water containing cadmium (at concentrations of 0.5, 5 and 10 μg/L cadmium) were placed on slides under coverslips and analyzed using CASA [@bib0035].

The images generated were reproduced and efficiently and objectively analyzed using the Sperm Class Analyzer software (SCA) to assess overall motility parameters, progressive motility, VSL, VCL and VAP [@bib0190]. The time or duration of motility after sperm activation was determined based on the time of complete arrest of the progressive movement of the spermatozoa following the method described by [@bib0165]. Each image (n = 10) was analyzed using the standard settings for fish by SCA. Sperm was considered immotile when velocity was \<10 m/s. Although SCA simultaneously assessed more than 15 sperm motility end points, for brevity only curvilinear velocity (VCL), straight line velocity (VSL), and average path velocity (VAP) were considered for further analysis, as similar effects were observed for all end points. To determine these velocities, each individual sperm cell (n = at least 1000 sperm/concentrations Cd) was followed throughout the 10 images and a sperm trajectory was calculated.

2.2. Flow cytometry {#sec0020}
-------------------

We used the Attune^®^ Acoustic Focusing Flow Cytometer (Applied Biosystems). To detect the sperm population, non-sperm cells were removed based on the FSC x SSC scatter plots [@bib0140], [@bib0145] and debris was eliminated by staining of the cells with Hoechst 33342 at a concentration of 16.2 μM (Sigma-Aldrich Co., St. Louis, MO, USA), except for those samples used to measure the DNA fragmentation index. A total of 10,000 events per sperm sample with a flow of 200 cells/s were analyzed using the Cytometric Attune Software V2.1 program.

2.3. Integrity of the plasma membrane {#sec0025}
-------------------------------------

To verify the integrity of the plasma membrane, we used 20.0 μM carboxyfluorescein diacetate (DCF), which fluoresces green, and 7.3 μM propidium iodide (PI), which fluoresces red (Sigma-Aldrich Co., St. Louis, MO, USA). The sperm were classified as non-injured (DCF + /IP-) and injured (DCF + /IP+; DCF-/IP+; DCF-/IP-) [@bib0095], [@bib0085].

2.4. Fluidity of the plasma membrane {#sec0030}
------------------------------------

Plasma membrane fluidity was analyzed using hydrophobic merocyanine 540 dye (M540) at a final concentration of 2.7 μM (Sigma-Aldrich Co., St. Louis, MO, USA) and YO-PRO, which fluoresces green, at a final concentration of 0.1 μM (Invitrogen, Eugene, OR, USA). Only live sperm (YO-PRO negative) were selected and classified into high fluidity cells (high M540 concentration) and low fluidity cells (low M540 concentration) [@bib0085].

2.5. Mitochondrial functionality {#sec0035}
--------------------------------

The fluorescent dyes Rhodamine 123 (13 μM), which fluoresces green, and PI (7.3 μM) (Sigma-Aldrich Co., St. Louis, MO, USA) were used to assess mitochondrial function. Only intact sperm (IP-) were selected and classified into cells with high functionality (high fluorescence, high accumulation of Rhodamine) and low functionality (low fluorescence, low accumulation of Rhodamine) [@bib0095].

2.6. DNA fragmentation index {#sec0040}
----------------------------

DNA integrity and fragmentation were measured using the sperm chromatin structure assay (SCSA). For this evaluation, 10 μL of semen were mixed with 5 μL TNE (0.01 M Tris-HCl, 0.15 M NaCl, 0.001 M EDTA, pH 7.2). Then, after a 30 s incubation, 10 μL of Triton (0.1% Triton X-100) (v/v) were added, followed by another 30 s incubation, and finally, the addition of 5 μL acridine orange (Sigma-Aldrich Co., St. Louis, MO, USA). This reaction was then incubated for 5 min. The results of the flow cytometry are expressed as the percentage of sperm with fragmented DNA [@bib0080].

2.7. Concentration of reactive oxygen species (ROS) {#sec0045}
---------------------------------------------------

ROS concentration was determined using the fluorescent dye 2'7-dichlorofluorescein diacetate at a final concentration of 1.0 μM, which emits green fluorescence when oxidized by intracellular ROS, and IP (7.3 μM final concentration). As our reported measurement, we used the median intensity of green fluorescence of the living sperm (IP-) only [@bib0060].

2.8. Statistical analysis {#sec0050}
-------------------------

In this study, descriptive data (mean and standard error of the mean) were generated for each of the dependent variables: total sperm motility, progressive sperm velocity (VCL, VAP and VSL), mitochondrial functionality, reactive oxygen species, plasma membrane integrity and fluidity, and the DNA fragmentation index.

For all of the dependent variables, normality was tested using the Shapiro-Wilk test. Subsequently, a Kruskal Wallis test for nonparametric data was used because none of the variables exhibited a normal distribution. Statistix^®^ 2009 software was used for the analyses.

3. Results {#sec0055}
==========

Total and progressive motility and motility time showed similar patterns; all of the cadmium-treated samples differed from the pre-treatment controls and the BTS-only controls (P \< 0.01) ([Table 1](#tbl0005){ref-type="table"}).Table 1Progressive motility (PM), total motility (TM) and time of motility (TeMot) of *D. rerio* sperm exposed to Beltsville Thawing Solution (BTS) with 0, 0.5, 5.0 or 10 μg/L Cadmium at 20 °C for 10 min analyzed by CASA.Table 1Fresh semen10 min incubation at 20 °C0 (only BTS)0,55,010PM (%)46.0 ± 3.63^A^37.7 ± 2.95^A^26.3 ± 3.1^B^27.1 ± 2.86^B^25.2 ± 3.56^B^TM (%)53.9 ± 3.6^A^52.3 ± 2.5^A^33.9 ± 3.3^B^33.8 ± 3.07^B^34.6 ± 3.6^B^TeMot (s)133.3 ± 11.5^A^103.2 ± 13.1^A^77.5 ± 16.48^B^68.7 ± 8.45^B^71.2 ± 13.3^B^[^1]

Although the VAP and VCL variables were not different among the samples treated with various cadmium concentrations (P \> 0.01), differences were observed between the treated samples and the untreated and BTS-only controls (P \< 0.01) ([Fig. 1](#fig0005){ref-type="fig"}). For the VSL parameter, no differences were observed among the various cadmium concentrations or the BTS-only control; however, all of the treated samples were significantly different than the untreated semen samples ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Straight line velocity (VSL) curvilinear velocity (VCL) and average path velocity (VAP) in μm/s of *D. rerio* sperm cells exposed to Beltsville Thawing Solution (BTS) with 0, 0.5, 5, or 10 μg/L cadmium at 20 °C for 10 min. Data are expressed as the mean and standard error of the mean. Different letters indicate significant differences based on the nonparametric Kruskal-Wallis test with a 0.01 significance threshold.Fig. 1

For DNA fragmentation index and plasma membrane integrity (IME), the samples treated with 5.0 and 10 μg/L cadmium differed from the controls (P \< 0.05). Regarding mitochondrial functionality (FMI), there were no significant differences between the treated samples and the controls. For plasma membrane fluidity (FLU), the cadmium-treated samples were all similar and did not differ from the controls. ROS concentration was slightly reduced in the cadmium-treated samples compared with the controls, although this difference was not statistically significant ([Table 2](#tbl0010){ref-type="table"}).Table 2Spermatozoa of *D. rerio* exposed to Beltsville Thawing Solution (BTS) alone (control) or 0.5, 5, or 10 μg/L cadmium at 20 °C for 10 min were evaluated for high fluidity (FLU) and integrity of the plasma membrane, high functionality mitochondrial (FMI), the sperm chromatin structure assay (SCSA) and the production of reactive oxygen species (ROS) (n = 10). \* ROS expression is based on the median fluorescence intensity.Table 2\[Cd ^+2^\]SCSAMembrane Integrity (%)FMI (%)FLU (%)ROS0 (BTS)7.27 ± 1.0^A^83.40 ± 8.5^A^74.87 ± 8.3^A^81.60 ± 3.1^A^3428.8 ± 886.2^A^0.59.53 ± 1.2^A^73.93 ± 8.7^AB^69.04 ± 6.1^A^78.54 ± 3.7^A^2584.3 ± 654.5^A^513.72 ± 3.0^B^47.85 ± 9.0^B^65.82 ± 5.2^A^77.39 ± 4.3^A^2145.0 ± 356.9^A^1014.29 ±3.3^B^41.52 ± 10.1^B^64.47 ± 5.8^A^77.11 ± 3.3^A^2279.5 ± 428.2^A^[^2]

4. Discussion {#sec0060}
=============

Upon exposure at a controlled temperature for 10 min, the total and progressive motilities as well as the time of motility of sperm treated with different concentrations of cadmium were similar, but all of the treated samples exhibited motility characteristics different from those of the untreated and BTS-only controls. The similarities between the two controls demonstrate that the diluent medium did not affect semen quality, which was only affected by the addition of cadmium at any concentration used.

The other spermatozoa movement variables, VCL and VAP, were negatively affected by cadmium exposure. VCL and VAP were lower in the cadmium-treated samples compared with both the BTS-only and untreated controls; however, VSL was lower in all of the treated samples than in the untreated control. A similar result was observed by [@bib0055] for VAP in rainbow trout treated with low concentrations of cadmium (up to 10 μg/L). According to the review by [@bib0020], the sperm speed is essential for longevity in external fertilization fish because high-speed sperm can rapidly locate oocytes in open water before the end of their motility time.

These results corroborate those observed in the sperm of rainbow trout, *Oncorhynchus mykiss*, in which doses in excess of 1 μg/L of Cd^+2^ significantly affected motility, demonstrating the increased susceptibility of speed parameters of motility to environmental stressors. Furthermore, VAP and VCL, which declined significantly upon cadmium exposure in the current study, are strongly correlated with fertilization rates in *A. Crassispina* (0.928 and 0.902, respectively) [@bib0010]. Thus, these parameters can be useful in predicting reproductive harm.

In addition to the automated CASA analysis, this study presents analyses by flow cytometry that have been largely unexplored in reproductive toxicology studies of different sperm structures that are fundamental to the maintenance and viability of sperm fertilization capacity. In our analyses of plasma membrane integrity and the DNA fragmentation index, we observed dose-dependent decreases relative to the controls. However, a similar statistically significant, dose-dependent decrease was not observed for mitochondrial functionality and plasma membrane fluidity, possibly because the semen samples are biological samples with a high degree of variability that have been shown to exhibit non-normal distributions in several experiments evaluating sperm quality [@bib0115], [@bib0155], [@bib0160].

Treatment with 5 and 10 μg/L cadmium led to a significant decrease in plasma membrane integrity compared to the controls. This result may help explain the loss of fertilizing capacity in teleost fish [@bib0110]. It is possible that the plasma membrane of sperm, as the first barrier, is more sensitive to different types of pollutants. This idea was demonstrated by [@bib0105] and [@bib0120] in *Poecilia vivipara* and *D. rerio* sperm, respectively, treated with different glyphosate concentrations, leading to a decline in membrane integrity. The significant loss of membrane integrity is important because the plasma membrane maintains the selective permeability of the spermatozoa, supporting metabolism. The membrane may be impaired due to the anionic character of this structure [@bib0075], causing a severe interaction with the cadmium and breakages due to the blockage of calcium channels by cadmium that cause cell death due to low cytosolic calcium concentrations. Similar results were obtained with *Sinopotamon henanense* by [@bib0050], in which sperm cells exposed to cadmium at concentrations above 7.5 mg/L exhibited lesions in the plasma membrane.

Sea urchin sperm (*Anthocidaris crassispina*) exposed to cadmium exhibited a deformation of the mitochondrial crest [@bib0010], no observations in we studies. This effect of cadmium is important because mitochondrial injuries can decrease fertilization capacity because the mitochondria are required for ATP production, which provides the energy for sperm motility.

A significant increase in DNA fragmentation was observed in sperm cells exposed to cadmium at concentrations above 5 μg/L. The maintenance of DNA integrity, or maintenance of the genetic code to be transmitted to the offspring, is of paramount importance as it decreases the chance of mutations or death during the hatching stage of fish [@bib0150]. These data suggest that perhaps because the plasma membrane was damaged, the DNA was exposed to the effects of cadmium.

The percentage of cells with low membrane fluidity and the concentrations of reactive oxygen species did not differ among the treated samples or between the treated samples and the controls. According to Ercal et al. (2001), the anionic nature of biological membranes facilitates cadmium injury because cadmium penetrates the cell directly via calcium channels. Cadmium blocks calcium channels and is not allowed entry into the cell; it also inhibits the function of potassium channels [@bib0175] without altering membrane fluidity, but affecting sperm membrane integrity.

The concentration of ROS was similar in all samples, most likely because the mitochondrial chain was not affected. However, when there is an excess of calcium in the cytosol due to cadmium exposure, mitochondrial function should be inhibited and hydroxyl radicals should not be produced. This discrepancy between the expected result and our actual observations suggests that the species under study may be more complex than other species.

5. Conclusion {#sec0065}
=============

The in vitro experiments performed on *D. rerio* semen demonstrated that even cadmium concentrations of 5 and 10 μg/L have harmful effects on sperm cells.
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[^1]: Data are expressed as the mean and standard error of the mean. Different letters in the same line indicate significant differences based on the nonparametric Kruskal-Wallis test with a 0.01 significance threshold.

[^2]: Data are expressed as the mean and standard error of the mean. Different letters in the same column indicate significant differences based on the nonparametric Kruskal-Wallis test with a 0.05 significance threshold.
